A small proportion (1%-1.5%) of 2009 pandemic influenza A/H1N1 virus strains (A[H1N1]pdm09) are oseltamivir resistant, almost exclusively because of a H275Y mutation in the neuraminidase protein. However, many individuals infected with resistant strains had not received antivirals. Whether drug-resistant viruses are initially present as minor variants in untreated individuals before they emerge as the dominant strain in a virus population is of great importance for predicting the speed at which resistance will arise. To address this issue, we used ultra-deep sequencing of viral populations from serial nasopharyngeal specimens from an immunocompromised child and from 2 individuals in a household outbreak. We observed that the Y275 mutation was present as a minor variant in infected hosts before the onset of therapy. We also found evidence for the transmission of this drug-resistant variant with drug-susceptible viruses. These observations provide important information on the relative fitness of the Y275 mutation in the absence of oseltamivir treatment.
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The 2009 pandemic influenza A/H1N1 virus (A[H1N1]
pdm09) emerged after reassortment between 2 swine viruses circulating in North America and Eurasia [1] . From 1% through 1.5% of influenza A(H1N1)pdm09 strains analyzed to date have been found to be resistant to oseltamivir, a neuraminidase (NA) inhibitor that constitutes the current standard of care [2] . Virtually all oseltamivir-resistant influenza A(H1N1)pdm09 viruses contain an H275Y amino acid substitution in the viral NA gene [3] . Among the drug-resistant strains recovered from immunocompetent patients, approximately one-third have been recovered from untreated individuals [4] . Whether drug-resistant variants are initially present as minor variants in untreated individuals because of transmission from a host harboring a minority drug-resistant population or whether they emerge after de novo replication is of great importance for predicting the speed at which resistance will arise; the selection of resistant mutations will occur more rapidly if they are already present in hosts as pre-existing minor variants [5] . In addition, the presence (or not) of the H275Y mutation in pretreatment samples provides important information on the relative fitness of drug resistance mutations in the absence of oseltamivir treatment.
To determine whether the H275Y mutation is present as a minor variant in hosts infected with influenza A virus, we performed ultra-deep sequencing of viral populations from nasopharyngeal specimens from 2 sets of individuals infected with influenza A (H1N1)pdm09 virus. First, we examined longitudinal samples collected from an immunocompromised child who remained infected for >6 weeks, during which time a drug-resistant strain came to dominate the virus population. Second, we analyzed the emergence of oseltamivir-resistant virus in a household outbreak of influenza A (H1N1)pdm09 infection in which the contact patient developed influenza symptoms 24 hours after starting post-exposure oseltamivir prophylaxis [6] .
MATERIALS AND METHODS

Study 1: Immunocompromised Child
A 31-month-old boy weighing 13.4 kg who received a diagnosis of medulloblastoma 3 months earlier was admitted on 5 January 2011 for consolidation chemotherapy in preparation for the first of 3 consecutive autologous bone marrow transplants (ABMT). At admission, the child presented with rhinorrhea and mild cough but was afebrile. Members of his immediate family, including his older sister and his father, had cold-like symptoms 1-2 weeks before his admission; none of the family members, including the patient, had received the 2010-2011 influenza vaccine, the monovalent influenza A (H1N1)pdm09 vaccine, or any antiviral drug. A nasopharyngeal aspirate (NPA) specimen collected at admission was positive for the influenza A(H1N1)pdm09 virus by real-time reverse-transcription polymerase chain reaction (RT-PCR) [7] and by viral culture on A549 and Mink lung cells. Treatment with oseltamivir (30 mg, twice daily) was started on January 6. The following day, the patient developed fever (max. 39.2°C), coincident with decreasing neutrophil counts. The child received his first ABMT on January 10. NPA specimens collected throughout hospitalization remained positive for influenza A(H1N1)pdm09 virus by RT-PCR (Table 1) . Oseltamivir therapy was continued during the hospitalization and after discharge on January 22. The patient was readmitted from 27 January through 14 February 2011 for his second ABMT. An NPA specimen collected on January 28 was positive for influenza A(H1N1)pdm09 by RT-PCR. Because of persistent viral excretion, oseltamivir was replaced by zanamivir (25 mg inhaled 4 times daily) on 1 February and continued until negative RT-PCR results on 17 February. The patient received a third ABMT on 18 February, and he recovered from his influenza virus infection without complications.
Study 2: Transmission in Household
A detailed description of the familial cluster of infections with influenza A(H1N1)pdm09 virus has been reported elsewhere [6] . In brief, a 13-year-old asthmatic male developed infection with influenza A(H1N1)pdm09 virus, confirmed by RT-PCR testing of an NPA specimen. The child initiated oseltamivir treatment (60 mg twice daily for 5 days) and was discharged home on the same day. Simultaneously to treatment of the index patient, postexposure oseltamivir prophylaxis (75 mg once daily for 10 days) was prescribed to the 59-year-old father with chronic obstructive pulmonary disease.
Approximately 24 hours after beginning oseltamivir prophylaxis, the father developed influenza-like symptoms. On day 8 of oseltamivir prophylaxis, he consulted his general practitioner for persistent cough. An NPA specimen collected at that time was positive by RT-PCR and by culture for influenza A (H1N1)pdm09. The father had an uneventful clinical course, and an NPA sample obtained at the end of his illness was negative for the virus. The son's influenza A(H1N1)pdm09 isolate collected before oseltamivir therapy was susceptible to oseltamivir (50% inhibitory concentration [IC 50 ], 0.27 nM), whereas the father's influenza A(H1N1)pdm09 isolate was highly resistant to oseltamivir (IC 50 , >400 nM). The complete (consensus sequence) virus genomes of the father (GenBank accession number FN434454) differed by 1 amino substitution (H275Y) in the NA protein from the virus present in the son (GenBank accession number FN434445).
Informed Consent
Written consent was obtained for report of the case described in study 1. Samples used in study 2 were obtained as part of an investigation by the Public Health Department of the Ministry of Health, Quebec, Canada.
Clinical Specimens and Viral Culture
In study 1 (immunocompromised child), 7 NPA specimens were collected from 5 January through 17 February 2011 for RT-PCR testing (Table 1 and Figure 1 ). Viral isolates were also obtained by culture from NPA specimens obtained on 5 January and 20 January. In study 2 (household transmission), the NPA specimen from the index patient (son) was collected before oseltamivir treatment, whereas the NPA specimen from his father was obtained on day 8 of oseltamivir prophylaxis ( Figure 1 ).
NA Inhibition Assay
The drug resistance phenotype to NA inhibitors was determined by NA inhibition assays [8] . The IC 50 values were determined from the dose-response curve. A virus was considered to be resistant to a drug if its IC 50 value was 10-fold greater than that of the wild-type (WT) virus [9] .
RNA Extraction
Total RNA was extracted from 200 µL of thawed specimen or culture with use of the MagNA Pure instrument and the MagNA Pure LC total nucleic acid isolation kit (Roche Applied Science), according to the manufacturer's instructions, and was stored at −80°C.
Discriminative Real-Time PCR Assay
To discriminate between WT and H275Y oseltamivir-resistant strains of influenza A(H1N1)pdm09, a modified version of a previously-reported real-time RT-PCR method [10] was used to test samples. This technique requires a reverse (panN1-H275-sense 5′-cagtcgaaatgaatgcccctaa-3′) and a forward (panN1-H275-antisense 5′-tgcacacacatgtgatttcactag-3′) primer for both the WT and the H275Y viruses and 2 labelled allelespecific probes: panN1-275H-probe (5′-ttaTCActAtgAggaatga-6-FAM/BHQ-1) and panN1-275Y-probe (5′-ttaTTActAtgAggaatga-HEX/BHQ-1). In the aforementioned probe sequences, locked nucleic acid nucleotides are denoted in upper case, DNA nucleotides are denoted in lower case, and the single nucleotide polymorphism is underlined. The limits of detection for the assay are 50 copies for the H275Y target and 10-50 copies for the WT target. RT-PCR conditions are available upon request. Data acquisition was performed in both FAM and HEX filters during the annealing/extension step. Standard curves were constructed using 10-fold serial dilutions of pJET1.2-NA-Y275 and pJET1.2-NA-H275 plasmids.
Sequencing and Analysis
RNA isolated from 2 cultured isolates and 7 primary specimens collected for study 1 ( Figure 1A ) and 2 primary specimens for study 2 ( Figure 1B ) was subjected to a multisegment RT-PCR (M-RT-PCR) step [11] and random priming with barcoding using the sequence-independent single-primer amplification (SISPA) protocol [12] . For each RNA sample, we performed 2 M-RT-PCRs using the One-Step Superscript III RT kit (Invitrogen). Reactions were purified independently using the Qiagen MinElute kit and were quantitated on a Nanodrop spectrophotometer; 100-200 ng of each purified M-RT-PCR was used in 2 separate SISPA reactions with 2 different barcode tags for a total of 4 tagged reactions per original RNA sample. Products were then separated on a 1% agarose gel, and fragments from 200-400 bp were purified using the Qiagen MinElute kit. Pooled samples were sent for paired-end library preparation and 100 base sequencing on the Illumina Hi-Seq2000 platform.
The barcoded amplification products were sequenced on 1 lane of the sequence run. Analyses were performed to reduce the distortion caused by SISPA amplification, account for both PCR and sequencing errors, and provide a clean comparison between the mapped reads of the experimental samples. The trimmed reads were mapped to A/Quebec/144147/2009 (H1N1) (GenBank accession FN434457-FN434464) with use of the bowtie short-read aligner [13] .
The frequency of each codon observed in the set of mapped reads from each amplification replicate was tabulated across each of the 10 influenza genes. To account for sequence-specific errors [14, 15] , the variant counts for the forward and reverse direction reads were calculated separately, and only those variants for which counts were within 50% of each other in both directions were retained. For these summaries, the unique reads from all amplification replicates were pooled, and total coverage is reported for each codon site. The proportion of codons expected to differ from the consensus because of background mutation and technical error was estimated from a separate cell culture of the PR8 strain that was otherwise processed in exactly the same manner as the specimens in this study. This proportion, found to be 0.00392, lies well outside of the 95% confidence interval for any variant codon in our study that is (1) represented by >4 sequence reads and (2) found in at least 2% of all sequence reads mapped to that position. The lower limit of the 95% confidence interval determined by computing the inverse of the appropriate cumulative β distribution is 0.00813.
RESULTS
Presence of Drug-Resistant Viruses before Drug Treatment in an Immunocompromised Child (Study 1)
The results of the NA gene H275Y discriminatory real-time RT-PCR assay performed on the 7 primary specimens and the 2 viral isolates (5 and 20 January) are presented in Table 1 . In the first NPA specimen collected on 5 January (day 1), before antiviral therapy (initiated on 6 January), 99.9% of the viral population was WT at NA position 275 by our discriminatory assay. Nevertheless, a very small subpopulation of H275Y mutant was also detectable (0.08%). The corresponding viral isolate (05-01-2011 -CM2 in Table 1 ) contained 99.9% of WT virus and was susceptible to oseltamivir (IC 50 = 0.77 nM ± 0.02), zanamivir (IC 50 = 0.15 nM ± 0.02), and peramivir (IC 50 = 0.05 nM ± 0.01). Of note, the H275Y mutation could not be detected by conventional RT-PCR and Sanger sequencing in the original sample. A second NPA specimen collected on 10 January (day 6) also demonstrated a predominance of the WT population (99.8%). However, the proportion of the H275Y mutant detected in NPA specimens collected on 17, 20, and 28 January increased to 96.9%, 95.9%, and 83.5%, respectively, during continuous oseltamivir treatment. Furthermore, the second passage on Madin Darby canine kidney cells of the 20 January viral isolate (20-01-2011-CM2 in Table 1 ) resulted in 100% H275Y mutant population, compared with 95.4% from the primary culture recovered from A549 and Mink lung cells. This viral isolate exhibited an IC 50 of 556.75 nM ± 61.32 for oseltamivir, 0.22 nM ± 0.01 for zanamivir, and 34.81 nM ± 5.77 for peramivir, which indicates a resistance phenotype to oseltamivir and peramivir. Antiviral therapy was changed to zanamivir on 1 February. The 8 February sample contained a predominance of 88.5% of H275Y mutant virus, whereas the last NPA specimen collected on 17 February was negative for influenza A(H1N1)pdm09 by RT-PCR.
A number of the primary specimens (from 5, 10, 17, 20, and 28 January and 8 February, corresponding to samples 1-6 in Figure 1A ) for which an M-RT-PCR product could be generated, as well as the viral isolates, were subjected to deep sequencing to better evaluate the genetic diversity of the viral population, including the presence of drug-resistant mutants. On the basis of the mean depth of coverage across each of the virus segments, we highlighted codons represented by at least 2% of the sequence reads covering each position (Supplementary Table 1 ). This percentage is conservative enough that, even in low-coverage areas, it excludes potential sequence and PCR errors.
The positions on the NA and NS1 proteins that display evidence for the presence of minor variants at a frequency of ≥2% in >1 sample are shown in Figure 2 . Similar patterns are observed for all other proteins (Supplementary Table 1 ). Over time, the ratios of the minor variants to the dominant codon remain relatively stable, except for NA position 275, where a shift of H to Y was apparent on 17 January 2011. The ratios are similar to the ones observed in the real-time discriminatory RT-PCR assays for each of the samples tested (Table 1) Table 2) . However, position 153 in NS1 displays a similar switch, although involving a synonymous mutation (from codon GAG to GAA, for E [glutamic acid]). Therefore, the sample from the original infection contained a drug-associated minor variant before the onset of treatment, and this minor variant differed from the dominant strain by only 2 nucleotide positions. Because of drugassociated selection pressure, this minor variant eventually became dominant in the host. The variant codons observed at the other positions are also possibly representative of other minor variants in the original virus population; however, because they remained minor members of the viral population, they are unlikely to have a selective advantage.
Evidence for Transmission of Drug-Resistant Virus in a Household (Study 2)
In a separate study, we observed a similar phenomenon in which oseltamivir resistance emerged quickly in the household contact (father) of an index patient (son). Both family members initiated oseltamivir treatment on the same day (ie, twice daily treatment for the son and once daily prophylaxis for the father) ( Figure 1B) . The latter developed influenza-like symptoms 24 hours after treatment was begun. Such a rapid clinical presentation suggests that he was already infected at the time that prophylaxis was initiated and that drug-resistant virus was most likely to have already been present.
We characterized the genetic diversity of the virus populations in both individuals by deep sequencing. An example for the HA and NA genes in which most of the variants seen in the son are also observed in the father is shown in Figure 3 . Although the dominant viruses were drug susceptible in the son and drug resistant in the father, apparent by the switch from H275 to 275Y, it is striking that a minor population of viruses in the son already carried the drug resistance mutation; minor drug resistant variant residue 275Y is present in >2.4% of the reads in the son (which was not detected by conventional RT-PCR and Sanger sequencing). Therefore, it is likely that viruses carrying this mutation were transmitted to the father along with drug-susceptible viruses and became dominant in that individual after selection associated with a subtherapeutic (prophylactic) dose of oseltamivir.
Of note, the same minor variants were found in both the father and the son at 60 residue positions across all 10 viral proteins (Supplementary Table 3 ). We estimate that there were 8 days of replication in the father from the time that he was possibly infected by the son (assuming that infection occurred 24 hours before any symptoms) to the time that the specimen was collected. Over that time, variant representation could have fluctuated, such that the set of 60 variants seen in both samples is likely to underestimate the true number. Although the number of conserved variants indicates possible transmission and the probability that the same variants could appear in both the son and the father by chance alone is extremely low, we do not have other potential contacts or index cases to test to confirm this observation.
DISCUSSION
The most striking observation from both of these studies is that the mutation most commonly associated with resistance to oseltamivir (H275Y) is present in the viral population of some individuals before the onset of treatment. In addition, this minor drug-resistant population could not be revealed by conventional methods, such as phenotypic resistance tests and Sanger sequencing. This observation is important for a number of reasons. First, the prior existence of Y275 means that the selection for drug resistance will proceed much more rapidly after the onset of drug selection pressure than if only WT viruses are present in the population, because there is no waiting time for the correct mutation to appear [5] . Furthermore, the presence of the Y275 mutation in untreated hosts indicates that this mutation is not strongly deleterious in the absence of oseltamivir treatment and likely does not need compensatory mutations to enable its fixation [16] [17] [18] . Indeed, in both cases studied here, we observed no amino acid changes that were fixed concordant with Y275 and only a single synonymous mutation (in NS1), in the case of the immunocomprised child. In these circumstances, the preexistence of Y275 means that oseltamivir resistance will likely spread rapidly as soon as there is drug selection pressure, especially in immunocompromised individuals and when suboptimal antiviral dosage is used.
If the Y275 mutation is present in individual hosts before the onset of treatment, then it is also likely to have been transmitted between individuals as a minor variant. This in turn suggests that there may not often be a severe population bottleneck during the inter-host transmission of influenza virus. Indeed, mixed infection of multiple variants of influenza virus have been observed in both natural human infection [19] [20] [21] and experimental animal infection [22, 23] and, thus, may be commonplace. Coinfection with major and minor variants, captured by deep sequencing, has also been observed during the course of human rhinovirus infection [24] , indicating that this phenomenon is not unique to influenza. In contrast, sequencing studies of HIV suggest that a small number of viral particles initiate infection, such that most variants are produced after replication in the newly infected host [25] .
Such transmission of multiple variants is most clearly documented in the son-father case, in which perhaps 60 mutational variants were passed between these 2 individuals, 1 of which confers oseltamivir resistance. However, the availability of only short sequence reads makes it impossible to determine the exact number of distinct viral haplotypes to which these correspond. In addition, our sampling protocol in the sonfather transmission case dictates that we cannot exclude that there was rapid selection of oseltamivir resistance in the son after we sampled his virus population, such that a majority Y275 population was in fact transmitted to the father. However, this would entail extremely rapid selection for resistance and does not change the central observation that multiple variants are transmitted between hosts, because both H275 and Y275 were found in the father.
Presence of the Y275 mutation in the son before oseltamivir treatment and soon after symptom onset suggests that this resistance mutation was also present in the viral population initially transmitted to the son. Similarly, the presence of Y275 in the immunocomprised child suggests that this mutation may have been transmitted to the child in a mixed infection containing both drug-susceptible and -resistant mutations, although it cannot be excluded that the variant appeared de novo. If Y275 is indeed present in the founding population in both individuals, it is possible that this mutation is present as a low-frequency variant in many individuals infected with influenza A(H1N1)pdm09 virus and that its presence reflects the combined action of past selection for drug resistance in patients receiving oseltamivir treatment, incomplete reversion to the WT H275 mutation in patients who are not receiving the drug, and a lack of strongly deleterious fitness effects in the absence of treatment. The large-scale ultra-deep sequencing of additional samples from patients with influenza A(H1N1)pdm09 who have not received oseltamivir treatment will clearly be central to answering this question.
Next-generation ultra-deep sequencing of intra-host viral populations, such as that undertaken here, promises to transform our understanding of the evolution of drug resistance in acute viral infections, allowing the dissection of the mutational spectrum at an unprecedented level of precision. Indeed, it is striking that, in the 2 cases, conventional RT-PCR failed to detect the presence of oseltamivir resistance, even though Y275 was present in the viral population. However, despite its undoubted potential, ultra-deep sequencing also has a number of inherent analytical difficulties. First, because the sequencing protocol leads to the generation of short sequence reads, nucleotide positions cannot be linked either in or among individual genes except if they are close enough to appear on the same sequence read or if they have the same pattern of prevalence. More fundamentally, it is critical to ensure that minor genetic variants are not the result of PCR and/or sequencing artefacts. Amplification leads to the well-known problem of PCR duplicates, sometimes resulting in severe distortion to the observed proportions of true variant subpopulations and the possible creation of false variant sequences through PCR errors. To address these problems, each specimen from our study was amplified in 4 independent reactions using different barcodes, allowing us to track amplification products and their respective sequence reads. Future work will use a simpler and more cost-effective approach using modified primers that include unique tags for each template [26] .
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